Murine (Hepa1c1c7) hepatoma cells are a suitable in vitro system for investigating the regulation of chemoprotective enzymes by selenazolidines, novel L-selenocysteine prodrugs developed as potential chemopreventive agents. They are less sensitive to the cytotoxic eVects of both selenite and the less toxic selenazolidines than rat hepatoma (H4IIE) cells. All four selenazolidine 4-carboxylic acid (SCA) derivatives examined elevated thioredoxin reductase (Txnrd1), alpha-class glutathione transferases (Gsta), and UDP-glucuronosyltransferase (Ugt)1a6 mRNAs. NAD(P)H-quinone oxidoreductase (Nqo1) was induced by the three 2-alkyl derivatives (2-cyclohexylSCA, 2-butyl-SCA, and 2-methylSCA) but not SCA itself. Transcripts of mu-and pi-class glutathione transferases were induced only by 2-cyclohexyl-SCA and 2-butylSCA. Only Gsta and Txnrd1 transcripts were elevated by L-selenomethionine, L-selenocystine, or Se-methyl-Lselenocysteine. Txnrd1, Gsta, Nqo1, and Gstp responses to selenazolidines were all abolished by actinomycin D while Ugt1a6 responses were not. Induction responses to the selenazolidines were also eliminated (most) or reduced (Txnrd1 by 2-methylSCA) by cycloheximide, with the exception of Ugt1a6. The Ugt1a6 mRNA levels in the presence of SCAs and cycloheximide were similar to those with cycloheximide alone, and were almost double those of vehicle-treated cells. Thus, Hepa1c1c7 cells appear to provide a viable platform for the study of protective enzyme regulation by selenocompounds, and with the exception of Ugt1a6, the mRNA elevations from selenazolidines are transcriptionally dependent.
Introduction
Among the desirable characteristics of cancer chemopreventive agents is an ability to increase the activities of chemoprotective enzymes to protect against chemical insults and/or an ability to decrease bioactivation activities. Changes in these parameters have been investigated in vivo for several of the synthetic organoselenium compounds developed with chemopreventive intent. EVects on inactivation and chemoprotective enzymes have received the greatest attention. Reported investigations include studies with phenylenebis(methylene)selenocyanate isomers (Reddy et al., 1992; Tanaka et al., 1997; Sohn et al., 1999; Prokopczyk et al., 2000) , benzylselenocyanate, and its glutathione conjugate (Kawamori et al., 1998) , and diphenylmethylselenocyanate (Ghosh et al., 2005; Das and Bhattacharya, 2005) . EVects on bioactivation enzyme activities (cytochrome P450s) were investigated for phenylenebis(methylene)selenocyanate isomers (Sohn et al., 1999; Prokopczyk et al., 2000) following demonstration of their inhibitory activity in vitro (Shimada et al., 1997) .
To establish and screen for enzyme altering properties, and the mechanism(s) by which they arise, we had need of an in vitro model that is responsive, and responsive at concentrations of the selenium-containing compounds where cell viability is not compromised. This cell viability consideration is of importance for chemopreventive agents where a pro-apoptotic eVect on tumor cells is also another desirable property.
Reported in vitro studies of chemoprotective enzyme modiWcation by seleno-compounds provide little in the way of precedence for the selection of a suitable cell model. Several available cell lines have been utilized but most studies have concerned themselves with only a single, or a very narrow range of enzymes and often only a single or very limited number of selenium compounds. The most extensively studied compound has been inorganic selenite which has been investigated for eVects on two protective enzymes (glutathione peroxidase, thioredoxin reductase) in human HepG2 (Helmy et al., 2000; Morgan et al., 2002; Hintze et al., 2003a; Zhang et al., 2003) and in mouse Hepa1c1c7 (Hintze et al., 2003a) hepatoma cell lines, in a Chinese hamster lung Wbroblast (V79) cell line (Short et al., 2003) , and a mouse Wbrosarcoma WEHI 164 cell line (Reszka et al., 2005) . In addition to the hepatoma cells, selenite eVects in human cell lines have been investigated in colon cancer (HT-29; Berggren et al., 1997) , breast cancer (MCF-7) and lung cancer (A549) cells and Jurkat and HL-60 leukemia cells . Of the organoselenium-compounds, selenium-containing amino acids and some derivatives have been examined for thioredoxin reductase changes in HT-29 human colon cancer cells , for glutathione peroxidase changes in V79 Chinese hamster lung Wbroblasts (Short et al., 2003) , and for glutathione transferase changes in rat H35 Reuber rat hepatoma cells (t 'Hoen et al., 2002) . 1,4-Phenylenebis(methylene)selenocyanate has been examined for glutathione transferase changes in mouse hepatoma (Hepa1c1c7) cells (Lee et al., 1999) , human lung adenocarcinoma cells (El-Bayoumy et al., 2006) and alongside unsubstituted, 2-oxo-and 2-methyl-selenazolidine 4-carboxylic acids, for glutathione peroxidase changes in the V79 Chinese hamster lung Wbroblasts (Short et al., 2003) . Methylseleninic acid has been examined for its eVects on enzyme expression in a human prostate cancer cell line (LNCaP) and increases in several Phase 2 enzymes, most notably NQO1 were identiWed (Zhao et al., 2004) .
With the paucity of information available for precedence, this present study seeks to show that the easily propagated mouse Hepa1c1c7 hepatoma cell line oVers a suitable in vitro platform for the study of the regulation of a wide range of chemoprotective enzymes by organic selenium-containing compounds. In providing evidence of increased levels of mRNAs of many chemoprotective enzymes by several members of a series of test compounds, and at concentrations far removed from their IC50 value, it also provides an opportunity to investigate the mechanism or mechanisms by which these elevations occur.
Materials and methods

Cell culture and treatments
Mouse Hepa1c1c7 cells (CRL-2026) and rat H4IIE cells (CRL-1548) were obtained from ATCC (Manassas, VA) and maintained in antibiotic/antimycotic-free Minimum Essential Medium Eagle (Sigma, St Louis, MO), supplemented with 10% fetal bovine serum (HyClone, Logan, UT) in 75-cm 2 tissue culture Xasks at 37°C under a 5% CO 2 humidiWed environment. The H4IIE cells were cultured using the same medium but with 10% bovine calf serum in addition, according to the suppliers recommendation. When conXuent, L-selenazolidines [2-methyl-, 2-butyl-, 2-cyclohexyl-, and 2-unsubstituted selenazolidine-4(S)-carboxylic acid (SCA)], synthesized as described elsewhere (Xie et al., 2001; El-Sayed et al., 2006) 
or Se-methyl-L-selenocysteine (Acros Organics, Morris Plains, NJ) were added at a Wnal concentration of 100 M in DMSO vehicle (0.1%, Wnal concentration) and incubated for 18 (mRNA studies) or 24 (viability studies) hours. The structures of these compounds are shown in Fig. 1 . In the cytotoxicity/viability determinations, the cells were grown in 6-well plates and a Cell Counting Kit-8 (Dojindo Molecular Technologies Inc, Gaithersburg, MD), which utilizes the detection of the dehydrogenase-dependent reduction of a highly water soluble tetrazolium salt, WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium] in the presence of an intracellular to extracellular electron mediator (1-methoxy-5-methylphenazinium methylsulfate) to a yellow formazan with an absorption maximum at 460 nm, as a monitor of living cells. In the mRNA studies, the cells were washed with buVer, homogenized in TRIzol (Invitrogen; Carlsbad, CA) and frozen at ¡80°C for later RNA isolation. In the mechanism studies, cells were treated with either actinomycin-D or cycloheximide (Sigma, St Louis, MO) at a Wnal concentration of 50 nM in dimethyl sulfoxide (DMSO) (0.1%) for one hour prior to the addition of selenazolidines (100 M, 18 h).
mRNA quantiWcation
mRNA levels were determined by Northern blotting with 20 g of total RNA isolated by TRIzol extraction. Gel electrophoresis, nucleic acid transfer to membranes, and 32 P probe labeling were all performed as described previously (Le et al., 1996) . The cDNA probe fragments for the muand alpha-class Gsts shared >75% homology with Wve out of six family members and three out of four family members, respectively, and were therefore optimal for capturing changes within the classes. The pi-class Gst probe shared 98% homology between the two members of this family. The sequences and homologies of all probes are described more fully elsewhere (El-Sayed et al., 2006) . Hybridized blots were washed under high stringency conditions, and the density of the autoradiogram bands was quantiWed also as described previously (El-Sayed et al., 2006) . All mRNA bands were normalized to the same-sample cyclophilin mRNA band and changes expressed as fold change from cells exposed only to DMSO vehicle, which was not signiWcantly diVerent from cells where no vehicle was added to the medium.
Statistical analysis of data
Results are expressed as the mean § SEM of 3 biological replicates. Statistical analyses were performed using ANOVA, followed by Fisher's protected least signiWcant diVerence multiple range test. DiVerences were considered signiWcant at p values of <0.05.
Results
Two hepatoma cell lines, mouse Hepa1c1c7 and rat H4IIE were initially utilized for toxicity evaluation of the selenazolidines. The rat H4IIE cell line was more sensitive to the toxic eVects of selenium compounds than the mouse cell line (Fig. 2) . In both cell lines, the selenazolidines were less toxic than selenite which reduced viability by 50% at »40 M and 100 M in 24 h in H4IIE and Hepa1c1c7 cells, respectively. In Hepa1c1c7 cells, all the selenazolidines resulted in an enhanced cell viability at low concentrations, maximally between 25 and 50 M, whereas in H4IIE cells, enhanced viability was only seen with 2-cyclohexylSCA. For all selenium compounds, cell viability decreased with increasing concentration. No organoselenium compound up to 200 M decreased cell viability past 50% in the H4IIE cells. In the Hepa1c1c7 cells, although viability decreased below the highest enhanced level at 25-50 M, no organoselenium compound (up to 200 M) reduced cell viability below that seen in the absence of any added selenium. Using a much extended range of concentrations (not shown), IC50 values in Hepa1c1c7 cells were determined to be 550 M for 2-methylSCA, 610 M for 2-butylSCA and 2-cyclohexylSCA and >1 mM for SCA.
When Hepa1c1c7 cells were exposed to the selenazolidines (100 M, 18 h), the mRNAs of thioredoxin reductase (Txnrd1), alpha-class glutathione transferases (Gsta), and UDP-glucuronosyltransferase (Ugt)1a6 were elevated by all selenazolidines ( Fig. 3 ; top panel). NAD(P)H-quinone oxidoreductase (Nqo1) was induced by only the three 2-alkyl selenazolidines; 2-butylSCA, 2-cyclohexylSCA, and 2-methylSCA ( Fig. 4; top panel) . Transcripts of mu-and pi-class glutathione transferases were each induced by two selenazolidines, 2-cyclohexylSCA and 2-butylSCA. By comparison, the only change seen after exposure to the selenoamino acids; L-selenomethionine, L-selenocystine, or Semethyl-L-selenocysteine, was an elevation of Gsta by all three and Txnrd1 by L-selenocystine and Se-methyl-L-selenocysteine (Table 1) . These compounds were not investigated further. Mechanistic studies were performed using the transcription inhibitor actinomycin-D and the translation inhibitor cycloheximide. Both agents carry some toxicity burden at concentrations required to exert their inhibitory eVect. In preliminary range-Wnding experiments, it was established that 50 nM was an acceptable concentration. The 19-h viability of the cells at this concentration, compared to cells in the absence of inhibitor, was 90% for cycloheximide and 81% for actinomycin-D. For the enzymes under study, actinomycin-D at 50 nM caused statistically signiWcant reductions in all gene transcripts with the exception of Ugt1a6 (Figs. 3 and 4 ; center panels). For those showing reduc- tions, the decreases ranged from 34% (Txnrd1) to 64% and 74% for the two Gstp transcripts. Cycloheximide decreased the level of Gstm and the 1.2 kb Gstp transcripts ( Fig. 4 ; lower panel), and increased the transcript level of Ugt1a6 ( Fig. 3 ; lower panel). Other apparent decreases by cycloheximide were not statistically signiWcant.
In the presence of actinomycin-D, the responses (elevations) of Txnrd1 and Gsta mRNAs to all selenazolidines, were eliminated ( Fig. 3 ; center panel) while the elevations in Ugt1a6 mRNA, although reduced in magnitude for all except with 2-methylSCA treatment, remained present. The elevations in Gstm and Gstp transcripts by 2-cyclohexyl-SCA and 2-butylSCA were also eliminated in the presence of actinomycin D (Fig. 4 ; center panel), as were the elevations of Nqo1 by 2-cyclohexylSCA, 2-butylSCA, and 2-methylSCA.
In the presence of cycloheximide and selenazolidines, all the transcript elevations seen with the selenazolidines alone were either eliminated for most or signiWcantly reduced (2-methylSCA induction of Txnrd1), with the exception of Ugt1a6 ( Figs. 3 and 4 ; lower panels). For Ugt1a6, the elevations by all selenazolidines except 2-methylSCA were signiWcantly reduced from changes seen in the absence of cycloheximide, although for all except 2-cyclohexylSCA, were still signiWcantly elevated from cells not exposed to any selenazolidine or inhibitor. However, because cycloheximide alone elicited an almost doubling of the transcript levels of Ugt1a6, the transcript levels with selenazolidines in addition were not signiWcantly elevated above that.
Discussion
In both rodent hepatoma cell lines investigated, all the selenazolidines were less toxic than selenite. This diVerential concurs with studies in Chinese hamster lung Wbroblasts (V79) where IC50 values for selenite, 2-methylSCA, and SCA were 17, 79, and 317 M, respectively (Short et al., 2003) . With IC values of 550 M and >1 mM for 2-methyl-SCA and SCA respectively in Hepa 1c1c7cells, hepatoma cells appear more resistant to selenocompound toxicity than Wbroblasts. For all of the selenazolidines, the murine hepatoma IC50 values are much in excess of the 100 M of selenite, supporting the general observations that organoselenium compounds are less toxic than inorganic selenium compounds. The low toxicity of the 2-alkyl selenazolidines contrasts with 1,4-phenylenebis(methylene)selenocyanate, another chemopreventive agent, which in the V79 cell study was of similar toxicity to selenite. In addition to toxicity, selenium appears to have growth-or viability-promoting properties at low concentrations. This phenomenon, seen here with hepatoma cells, has also been seen with bovine endothelial cells (Wei et al., 1986) , bovine granulosa cells (Basini and Tamanini, 2000) , and gastric adenocarcinoma cells (Verma et al., 2004) .
All four of the selenazolidines investigated and also L-selenocystine and Se-methyl-L-selenocysteine increased Txnrd1 transcript levels. Inorganic selenium-dependent elevations of thioredoxin reductase mRNA had previously been observed in human hepatoma (HepG2; Morgan et al., 2002) but not in mouse Wbrosarcoma (WEHI 164; Reszka et al., 2005) cell lines. Organoselenium compound eVects on thioredoxin reductase in cell lines at the transcript level have not been reported. Both organoselenium and selenite studies have investigated enzyme activity changes, however. Increased thioredoxin reductase activity following exposure to selenomethionine, Se-methylselenocysteine and selenite was elicited in HT-29 human colon cancer cells and the selenite increases in thioredoxin reductase activity (and mRNA levels) were also observable in MCF-7 breast cancer and A549 lung cancer cells but not in Jurkat and HL-60 leukemia cells . Selenitedependent increases in thioredoxin reductase activity were subsequently demonstrated to occur in both human HepG2 and mouse Hepa1c1c7 hepatoma cell lines (Hintze et al., 2003a; Hintze et al., 2003b; Zhang et al., 2003) and in the human endothelial-like immortalized cell line (EAhy926; Lewin et al., 2002) . From our Hepa1c1c7 studies with actinomycin D, transcriptional upregulation is a mechanism that could contribute to the increases in activity seen for this selenoprotein, and from the inXuence of cycloheximide, requires on-going protein synthesis for the transcriptional upregulation to occur.
Increased mRNA levels of alpha-class and pi-class glutathione transferases following exposure to Se-allylselenocysteine were observed in rat H35 Reuber rat hepatoma cells (t 'Hoen et al., 2002) . Our observations in Hepa1c1c7 cells add Se-methylselenocysteine, selenocystine, selenomethionine, and four selenazolidines to the list of inducers of Gsta in hepatoma cells in vitro and two selenazolidines to the list of Gstp inducers. The current study demonstrates that Gstm is also inducible by organoselenium compounds, in this case, by the same compounds able to induce Gstp. All the Gst mRNA elevations appear dependent on transcriptional upregulation, and by a mechanism that requires ongoing protein synthesis. We have not investigated whether increased levels of Gst mRNAs result in elevations in enzyme activity but Lee et al. (1999) , investigating 1,4-phenylenebis(methylene)selenocyanate eVects in mouse Hepa1c1c7 cells were unable to observe any increase in glutathione transferase (CDNB) activity. Selenium compound eVects on NQO and UGTs in in vitro systems appear to have been the subject of one reported investigation to date (Zhao et al., 2004) . In vivo, in rat, hepatic NQO activity was increased by 1,4-phenylenebis(methylene)selenocyanate (Tanaka et al., 1997) , and hepatic UGT activity was increased by 1,2-, 1,3-, and 1,4-phenylenebis(methylene)selenocyanate (Sohn et al., 1999) . UGT activity was not elevated by 1,4-phenylenebis(methylene)selenocyanate in mouse, however (Prokopczyk et al., 2000) . Our present studies in hepatoma cells demonstrate that mouse Nqol is responsive to some selenocompounds (three 2-alkyl selenazolidines) but not others (SCA, L-selenocystine, L-selenomethionine, Se-methyl-L-selenocysteine). Zhao et al. (2004) reported NQO1 mRNA and activity induction by methylseleninic acid in a human prostate cancer cell line. The induction by the 2-alkyl selenazolidines is transcription-dependent and also requires ongoing protein synthesis. The Ugt1a6 transcript level was elevated by all four selenazolidines, but not any of the selenoamino acids. The mechanism behind this mRNA elevation is unclear. Some elevation may arise from increased transcription since for all selenazolidines except 2-methylSCA, the magnitude of the increase was signiWcantly diminished in the presence of actinomycin D. That some elevation was still evident would suggest that additional mechanisms are operating, however, possibly mRNA stabilization. Such a mechanism has been implicated in maintaining hepatic glutathione peroxidase mRNA levels in a selenium-suYcient as compared to a selenium-deWcient diet in rats (Christensen and Burgener, 1992) . The elevation seen in the Ugt1a6 transcript with cycloheximide present provides evidence of additional unusual features in the regulation of this gene; in this case, the possibility of the presence of an inhibitory transcription factor.
Explanations as to why the SCAs induce in the same manner as selenocystine, but with other responses in addition, can only be speculated upon. It could relate to the diVerent chemical nature of the compound added to the cells (Fig. 1) , or to the biochemical redox consequences of generating selenocysteine, the common point of convergence. The formation of selenocysteine from the spontaneous hydrolysis of 2-alkylSCAs and proline dehydrogenase action on SCA carries no redox burden while generation from selenocystine requires consumption of cellular reducing equivalents, (glutathione) which in some manner might impede enzyme induction. Against this explanation is the equivalency of the pattern of induction of selenocystine and Se-methylselenocysteine (Table 1) despite that only the former depletes glutathione: the latter compound is likely processed in the hepatoma cell in much the same manner as in kidney cells by cysteine conjugate -lyase/glutamine transaminase K (Commandeur et al., 2000) . The -elimination reaction, and hence the absence of any selenocysteine formation from Se-methylselenocysteine adds additional support to the idea that the inductions elicited by all the selenium compounds are in response to the parent compound to which the cells are initially exposed. Alternatively it could be a response to a common late-stage metabolite, such as methylselenol, that is capable of being formed to varying extents and at various rates from all the compounds investigated.
Rodent tumor models continue to be mainstay for the evaluation of chemopreventive compounds. These test systems are time-consuming and expensive so a means of preselecting only the most promising compounds for evaluation is desirable. Chemopreventive compound eVects on the regulation of selected enzymes are often used as a key indication of potential eYcacy, and in vitro cell-based systems can be an ideal system in which to evaluate these eVects. The present study demonstrates that in the study of chemoprotective enzymes, and their regulation by organoselenium compounds, the Hepa1c1c7 cell line appears to be a responsive system that is able to diVerentiate between compounds and at concentrations where the cell line is relatively insensitive to any overt cytotoxic eVects.
